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Abstract
The matter/energy structure of the homogeneous, isotropic, and spatially
closed universe is studied. The quantum model under consideration predicts
an existence of two types of collective quantum states in the universe. The
states of one type characterize a gravitational field, the others describe a mat-
ter (uniform scalar) field. In the first stage of the evolution of the universe a
primordial scalar field evolves slowly into its vacuum-like state. From the point
of view of semiclassical description the early universe is filled with primordial
radiation and is charge symmetric in this stage. In the second stage the scalar
field oscillates about an equilibrium due to the quantum fluctuations. The uni-
verse is being filled with matter in the form of elementary quantum excitations
of the vibrations of the scalar field. The separate quantum excitations are
characterized by non-zero values of their energies (masses). Under the action
of gravitational forces mainly these excitations decay into ordinary particles
(baryons and leptons) and dark matter. The elementary quantum excitations
of the vibrations of the scalar field which have not decayed up to now form dark
energy. The numerical estimations lead to realistic values of both the matter
density ΩM ≃ 0.29 (with the contributions from dark matter, ΩDM ≃ 0.25,
and optically bright baryons, Ωstars ≃ 0.0025) and the dark energy density
ΩX ≃ 0.71 if one takes that the mean energy ∼ 10 GeV is released in decay
of dark energy quantum and fixes baryonic component ΩB = 0.04 according
to observational data. The energy (mass) of dark energy quantum is equal to
∼ 17 GeV and the energy & 2× 1010 GeV is needed in order to detect it. Dark
matter particle has the mass ∼ 6 GeV. The Jeans mass for dark matter which
is considered as a gas of such massive particles is equal to MJ ∼ 105M⊙.
1 Introduction
Observations indicate that overwhelming majority (about 96%) of matter/energy in
the universe is in unknown form (see e.g. Refs. [1, 2] for reviews). The observed
mass of stars gives the value Ωstars ≃ 0.005 [3] or even smaller Ωstars ≃ 0.003+0.001−0.002
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[4] for the density of visible (optically bright) baryons. Observations of the cosmic
microwave background radiation (CMB) and abundances of the light elements in
the universe suggest that the total density of baryons is equal to ΩB ≃ 0.04 [1, 2, 5].
This value is one order greater than Ωstars. It means that most of baryonic matter
today is not contained in stars and is invisible (dark).
The CMB anisotropy measurements allow to determine the total energy density
Ωtot and the matter component ΩM . The recent data give the strong evidence
that the present-day universe is spatially flat (or very close to it) with Ωtot ≃ 1 [6]
and the mean matter density equals ΩM ≃ 0.3 [1]. The independent information
about ΩM extracted from the high redshift supernovae Ia data on the assumption
that Ωtot = 1 gives the close values: ΩM = 0.28 ± 0.05 [7] or ΩM = 0.29+0.05−0.03 [8].
The discrepancies between ΩM and ΩB on the one hand and Ωtot and ΩM on the
other hand are signs that there must exist non-baryonic dark matter with the density
ΩDM = ΩM−ΩB ∼ 0.3 and some mysterious cosmic substance (so-called dark energy
[9]) with the density ΩX = Ωtot−ΩM ∼ 0.7. The origin and composition of both dark
matter and dark energy are unknown. Dark matter manifests itself in the universe
through the gravitational interaction. Its presence allows to explain rotation curves
for galaxies and large-scale structure of the universe in the models with standard
assumption of adiabatic density perturbations [1, 2, 10]. Candidates for dark matter
and dark energy are discussed e.g. in reviews [1, 2, 10, 11]. As regards dark energy
it is worth mentioning that its expected properties are unusual. It is unobservable
(in no way could it be detected in galaxies) and spatially homogeneous.
Thus the present data of modern cosmology pose the principle question about
the nature of the mass-energy constituents of the universe and their percentage
in the total energy density. Efforts in this direction were focused on a choice of
candidates for dark matter and dark energy between known (real or hypothetical)
particles and fields. It is obvious that reasonable cosmological theory must first of all
answer the question why the densities ΩM and ΩX in the present era are comparable
between themselves (so-called coincidence problem) and explain the observed ratio
ΩB/Ωstars ∼ O(10).
In the present paper the problem of dark matter and dark energy is studied in
the context of the quantum model of the universe proposed in Refs. [12, 13]. The
first attempts to give an answer to the question about the nature of dark matter
and dark energy on the basis of quantum approach to cosmological problems were
made in Refs. [14, 15].
In Sec. 2 the basic equations of the quantum model of the homogeneous, isotropic
and spatially closed universe are given. It is supposed that the universe is filled with
primordial matter in the form of the uniform scalar field. Time is introduced as an
embedding variable which describes a motion of some source. From the point of
view of semiclassical approach this source has a form of radiation. The evolution
of the universe can be conventionally divided into two stages. At the first stage
(Sec. 3) the scalar field determines the vacuum energy density which slowly evolves
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into the state with minimal density (vacuum-like state). Radiation is present as a
primordial source and universe is charge symmetric. In Sec. 4 the second stage of
the evolution of the universe in considered. At this stage the scalar field oscillates
about the equilibrium vacuum-like state and the universe is being filled with matter
in the form of elementary quantum excitations of the vibrations of the scalar field.
These excitations have the non-zero energies (masses). The wavefunction is an am-
plitude of the probability wave of the universe to be in the state with given values of
two quantum numbers. One quantum number characterizes the gravitational field,
while another relates to the scalar field. In Sec. 5 the simple model of creation of
matter in the ordinary forms as a result of decay of elementary quantum excita-
tions of the vibrations of the scalar field under the action of gravitational forces is
proposed. The numerical estimations of the percentage of dark matter and dark en-
ergy in the present-day universe are given. A comparison of theoretical calculations
with integrated data from WMAP, other CMB experiments, HST key project and
supernovae observations [16] is made. In Sec. 6 some conclusions are drawn.
2 Basic equations of the model
Let us consider the quantum model of the homogeneous, isotropic and spatially
closed universe filled with primordial matter in the form of the uniform scalar field
φ with some potential energy density V (φ). The time-dependent equation which
describes such a universe has a form [12, 13] (here and below we use dimensionless
variables where the length is measured in units of lP =
√
2G/(3π) and the energy
density in ρP = 3/(8πGl
2
P ))
i ∂T Ψ = HˆΨ, (1)
where
Hˆ = 1
2
(
∂2a −
2
a2
∂2φ − a2 + a4V (φ)
)
(2)
is a Hamiltonian-like operator. The wavefunction Ψ depends on the cosmological
scale factor a, scalar field φ, and time coordinate T . In derivation of Eq. (1) time
T is introduced as an additional (embedding) variable which describes a motion of
a source in a form of relativistic matter of an arbitrary nature from the point of
view of semiclassical approach. It is related to the synchronous proper time t by
the differential equation: dt = a dT [12]. Eq. (1) allows a particular solution with
separable variables
Ψ = e
i
2
ET ψE , (3)
where the function ψE is given in (a, φ)-space of two variables and satisfies the
time-independent equation(− ∂2a + a2 − a4ρˆφ − E)ψE = 0. (4)
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Here the operator
ρˆφ = − 2
a6
∂2φ + V (φ) (5)
corresponds to the energy density of the scalar field in classical theory (cf. e.g.
Ref. [11]). The eigenvalue E determines the components of the energy-momentum
tensor T˜ 00 = E/a
4 and T˜ µν = −E/(3 a4) δµν , where µ, ν = 1, 2, 3. We shall consider
the case E > 0 and call a source determined by the energy-momentum tensor T˜ µν a
radiation.
In order to find the function ψE at given V (φ) Eq. (4) must be supplemented
with the boundary condition. According to Eq. (4) the universe can be both in
quasistationary and continuum states [12]. Quasistationary states are the most in-
teresting since the universe in such states can be described by the set of standard
cosmological parameters [13]. These states are characterized by some complex pa-
rameter E = En + iΓn, where En > 0 is a position, Γn > 0 is a width of the n-th
level, n = 0, 1, 2, . . .. The wavefunction ψE of the quasistationary state as a function
of a has a sharp peak and it is concentrated mainly in the region limited by the
barrier U = a2 − a4V (φ) (see Eq. (4)). It can be normalized [17] and used in cal-
culations of expectation values of operators corresponding to observed parameters
within the lifetime of the universe, when the quasistationary states can be consid-
ered as stationary ones with E = En (cf. e.g. Ref. [18]). Such an approximation
does not take into account exponentially small probability of tunneling through the
barrier U . Below we shall not go beyond this approximation.
3 First stage of evolution
It is convenient to divide the evolution of the universe conventionally into two stages.
Let us assume that at the first stage the scalar field φ evolves slowly (in comparison
with a large increase of the average value of the scale factor 〈a〉 in the state ψE
normalized as described above) from some initial state φstart, where V (φstart) ∼ ρP 1,
into a vacuum-like state with V (φvac) = 0. During this era from the point of view
of semiclassical description the early universe is filled with primordial radiation
and is charge symmetric. The scalar field φ forms a vacuum state with the non-
zero energy density, V (φ(t)) 6= 0, which effectively decreases with time t. At this
stage the kinetic term of the operator of the energy density of the scalar field (5)
can be neglected (adiabatic approximation), and it is convenient to represent the
wavefunction of the universe in the n-th state, ψE = |En〉, in the form of expansion
in terms of a complete set of functions 〈a|n〉 which satisfy the equation(− ∂2a + a2 − ǫ0n) |n〉 = 0, (6)
1
It allows us to consider the evolution of the universe in time in classical sense.
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where ǫ0n = 4n+ 3. Then we have
|En〉 =
∑
q
|q〉〈q|En〉. (7)
Taking into account that quasistationary states are realized in the universe only in
the case when V ≪ 1 [12, 13] and using the perturbation theory we obtain
〈q|En〉 = δnq − V
4
[
1
8
√
N(N − 1)(N − 2)(N − 3) δn−2,q (8)
+
√
N(N − 1)
(
N − 1
2
)
δn−1,q −
√
(N + 1)(N + 2)
(
N +
3
2
)
δn+1,q
− 1
8
√
(N + 1)(N + 2)(N + 3)(N + 4) δn+2,q
]
−O(V 2),
where N = 2n+ 1. The eigenvalue E in this approximation is the following
En = 2N + 1− 3
4
V [2N(N + 1) + 1]−O(V 2). (9)
It depends on φ parametrically. The wavefunction 〈a|n〉 describes the geometrical
properties of the universe as a whole. Since in classical theory the gravitational
field is considered as a variation of space-time metric, then this wavefunction will
characterize the quantum properties of the gravitational field. The states 〈a|n〉 can
be formally interpreted as those which emerge as a result of motion of some imagi-
nary particle with the Planck mass mP = l
−1
P and zero orbital angular momentum
in imaginary field with the potential energy U(R) = 1
2
kPR
2, where R = lPa is a
“radius” of the curved universe, while kP = m
3
P can be called a “stiffness coefficient
of gravitational field (or space)”. Its numerical value is kP = 4.79×1085 GeV cm−2.
This motion causes the equidistant spectrum of energy En = mP
(
N + 1
2
)
, where
mP is the energy (mass) of the elementary quantum excitation of the vibrations of
the oscillator (6).
Introducing the operators
A† =
1√
2
(a− ∂a), A = 1√
2
(a+ ∂a), (10)
the state |n〉 can be represented in the form
|n〉 = 1√
N !
(A†)N |vac〉, A |vac〉 = 0, |vac〉 =
(
4
π
)1/4
exp
{
−a
2
2
}
. (11)
The operators A† and A satisfy the ordinary canonical commutation relations,
[A,A†] = 1, [A,A] = [A†, A†] = 0, and one can interpret them as the operators
for the creation and annihilation of the elementary quantum excitation with the
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energy mP . The integer N gives the number of these excitations in the n-th state
of the universe. The vacuum state |vac〉 describes the universe without such exci-
tations. From Eqs. (7) and (8) it follows that the universe can be characterized by
quantum number n. In such a description the gravitational field is considered as a
system of the elementary quantum excitations of the vibrations of the oscillator (6).
The interaction between the gravitational field and non-zero vacuum of the field
φ results in the fact that the wavefunction (7) is a superposition of the states with
different n.
When the potential energy density V (φ) decreases to the value V ≪ 0.1 the
number of available states of the universe increases up to n ≫ 1. By the moment
when the scalar field will roll in the location where V (φvac) = 0 the universe can
be found in the state with n ≫ 1. This can occur because the emergence of new
quantum levels and the (exponential) decrease in widthes of old ones result in the
appearance of the competition between the tunneling through the barrier U and
allowed transitions between the states n→ n±1, n±2 (see Eq. (8)). A comparison
between these processes demonstrates [12, 13] that the transition n → n + 1 is
more probable than any other allowed transitions or decays. The vacuum energy in
the early universe originally stored by the field φ with the potential energy density
V (φstart) ∼ ρP is a source of transitions with increase in number n.
4 Creation of matter/energy
According to accepted model the scalar field φ descends to the state with zero
energy density, V (φvac) = 0. At that instant the first stage comes to an end and the
universe enters the second stage of its evolution. The main feature of the new era
is a creation of matter/energy which can turn into the ordinary forms. In the state
with V (φvac) = 0 the field φ oscillates about the equilibrium vacuum-like state due
to quantum fluctuations. These oscillations can be quantized.
In general case it is convenient to represent the wavefunction ψE of Eq. (4) in the
form of a superposition of the states of adiabatic approximation. In the case of the
states with n ≫ 1 which we shall study the task is simplified. Since the expansion
coefficients of the adiabatic wavefunction (7) behave as
〈q|En〉 → δnq for n→∞ (12)
up to the terms ∼ O(V 2), then the wavefunction in the states with n ≫ 1 in
adiabatic approximation coincides with the function 〈a|n〉 with above accuracy. And
the desired representation of the wavefunction ψE has a form ψE =
∑
n |n〉 fn.
Multiplying Eq. (4) by a2 on the left and using this expansion, one obtains the set
of equations for the coefficients fn as functions of φ. In the limit n ≫ 1 such a
set is reduced to one equation. This equation coincides with the equation which
follows from Eq. (4), if one uses the expansion of the wavefunction ψE in terms of a
complete set of exact functions of adiabatic approximation and then passes to limit
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of very large numbers n in a final set of equations for the coefficients of expansion
[12].
We are interested in the states of the field φ near its vacuum value φvac. Therefore
it is convenient to pass in equation for fn from the variable φ to x ∼ (φ − φvac)
which characterizes a deviation of φ from equilibrium value φvac. Such an equation
has a form [
∂2x + z − V (x)
]
fn(x) = 0, (13)
where x =
√
m/2 (2N)3/4 (φ − φvac), z = (
√
2N/m) (1− E/(2N)), and V (x) =
(2N)3/2 V (φ)/m, m is some dimensionless parameter. Since the average value of
the scale factor in the state of the universe with n ≫ 1 is equal to 〈a〉 =
√
N/2
[12, 13], then V (x) is the potential energy of the scalar field contained in the universe
with the volume ∼ 〈a〉3. The value x2 characterizes the deviation squared of the
field φ in the volume ∼ 〈a〉3. Therefore Eq. (13) describes the stationary states
which characterize the scalar field φ in the universe as a whole.
Choosing the parameter m2 =
[
∂2φV (φ)
]
φvac
and expanding V (φ) in the powers
of x we obtain
V (x) = x2 + αx3 + β x4 + . . . , (14)
where
α =
√
2
3
λ
m5/2
1
(2N)3/4
, β =
1
6
ν
m3
1
(2N)3/2
, (15)
and λ =
[
∂3φV (φ)
]
φvac
, ν =
[
∂4φV (φ)
]
φvac
. The potential energy density V (φ) near
the point φvac will be considered to be smooth sufficiently so that m
2 > λ > ν.
Since N ∼ n ≫ 1, then |α| ≪ 1, |β| ≪ 1, and Eq. (13) can be solved using the
perturbation theory for stationary problems with a discrete spectrum. We take for
the state of the unperturbed problem the state of the harmonic oscillator with the
equation of motion (13), where V (x) = x2. In the occupation number representation
one can write for the unperturbed states
f0ns =
1√
s!
(B†n)
sf0n0, Bn f
0
n0 = 0, f
0
n0(x) =
(
1
π
)1/4
exp
{
−x
2
2
}
(16)
with z0 = 2s+ 1, where s = 0, 1, 2 . . ., and it is denoted
B†n =
1√
2
(x− ∂x), Bn = 1√
2
(x+ ∂x). (17)
Solving Eq. (13) with the potential (14) we find
z = 2s+ 1 +∆z, (18)
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where
∆z =
3
2
β
(
s2 + s+
1
2
)
− 15
8
α2
(
s2 + s+
11
30
)
− β
2
16
(
34s3 + 51s2 + 59s+ 21
)
. (19)
The spectrum of the energy states of the field φ has a form
Ms = m
(
s+
1
2
)
+∆M, (20)
where ∆M = m∆z/2. The operators B†n and Bn satisfy the ordinary canonical com-
mutation relations, [Bn, B
†
n] = 1, [Bn, Bn] = [B
†
n, B
†
n] = 0, and can be interpreted
as the creation (B†n) and annihilation (Bn) operators which increase and decrease
the number of elementary quantum excitations of the vibrations of the scalar field
by unity in the universe in the n-th state, respectively. Therefore it is natural to
interpret the value M = m(s + 1/2) as a quantity of matter/energy being the sum
of elementary quantum excitations of the vibrations of the field φ with the energy
(mass) m, while s counts the number of these excitations. It can be considered as
additional quantum number. The summand ∆M in Eq. (20) takes into account a
self-action of the elementary quantum excitations of the vibrations of the field φ.
Using Eq. (18) and the relation between z and E we find the condition of quan-
tization
E = 2N −
√
2NMs. (21)
This condition can be rewritten in terms of classical cosmology in the form of the
relation between the parameters of the universe
〈a〉 =Ms + E
4〈a〉 , (22)
where 〈a〉 is the scale factor, Ms is the energy of matter (in the form of a system of
elementary quantum excitations of the vibrations of the scalar field), while E/(4〈a〉)
is the energy of radiation.
Let us estimate ∆M/M . Substituting Eq. (15) into (19), leaving the main terms
only, and taking in accordance with Eq. (22) that 〈a〉 ∼ ms we obtain
∆M
M
∼
[
0.02
ν
m2
− 0.03
(
λ
m2
)2] 1
(m2s)2
− 4.6× 10−4
( ν
m2
)2 1
(m2s)4
. (23)
From here it follows that
∆M
M
≪ 1 at s > m−2. (24)
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Let us estimate the value s at which condition of smallness of ∆M/M is satisfied.
In the limit of maximum possible mass m ∼ 1 (∼ 1019GeV) we find s > 1. Such
a universe has the parameters: M > 1 (∼ 1019GeV), 〈a〉 > 1 (∼ 10−33 cm) and
age t > 1 (∼ 10−44 s). Taking s ∼ 1080 (equivalent number of baryons in the
present-day universe) we obtain the limitation on mass from below, m > 10−40 (∼
10−21GeV). Assuming that m ∼ 10−18 (∼ 10GeV) we find the following restriction
on the number of elementary quantum excitations of the vibrations of the field
φ: s > 1036. The quantity of matter/energy in such a universe is M > 1018 (∼
1037GeV), radius of curvature 〈a〉 > 1018 (∼ 10−15 cm), and age t > 10−26 s. Below
(in Sec. 5) we shall consider the model of creation of ordinary matter which leads
to m & 10 GeV.
At the end of this section let us calculate the mean energy density in the universe
in the states with large quantum numbers. From Eq. (4) it follows that the operator
ρˆtot = ρˆφ +
E
a4
(25)
corresponds to the total energy density in classical theory. Then the average value
〈ρˆtot〉 in the state of the universe with n≫ 1, s≫ 1 is
〈ρˆtot〉 = γ M〈a〉3 +
E
〈a〉4 , (26)
where γ = 193/12 and it is assumed that the average value 〈a〉 determines the
scale factor of the universe in semiclassical description (details can be found in
Refs. [12, 13, 19]). In this approximation the universe is described by the Einstein-
Friedmann equations in terms of average values which follow from Eq. (4) and from
Heisenberg-type equation. The latter determines a change in time of the average
values of the physical quantities [19]. In the matter dominated universe M ≫
E/(4〈a〉) and the mean energy density (26) leads to the dimensionless density Ωtot ≡
〈ρˆtot〉/H2 = 1.066, where 〈ρˆtot〉 is measured in units of ρP and the Hubble constant
H in inverse Planck time t−1P = l
−1
P . It means that the universe in highly excited
states is very close to being spatially flat. It agrees with existing astrophysical data
for the present-day universe (see Sec. 1). Moreover a very slight systematical excess
of Ωtot over unity is observed [16].
5 Dark matter and baryonic matter production
The elementary quantum excitations of the vibrations of the field φ are subject
to action of gravity. Due to this fact they can decay into the ordinary particles
(e.g. baryons and leptons) that have to be present in the universe in small amount
because of the weakness of the gravitational interaction.
As it is mentioned in Sec. 1 the total energy density can be represented as a sum
of three terms
Ωtot = ΩB +ΩDM +ΩX . (27)
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Therefore in simple (naive) model it is natural to assume that the elementary quan-
tum excitation (let us denote it by φ as well) of the vibrations of the scalar field
decays according to a scheme
φ −→ φ′ + ν+ n
|−→ p+ e− + ν (28)
with stable particles in the final state. Here φ′ is the quantum of the residual
excitations of the vibrations of the scalar field. A system of such quanta reveals
itself in the universe in the form of non-baryonic dark matter. Neutrino ν takes
away the spin, and the dark matter particle is a boson. At the first stage of decay
chain (28) the baryon number is not conserved but the spin and the energy are
conserved. A system of the elementary quantum excitations of the vibrations of
the scalar field can be interpreted as dark energy (see below). Such elementary
quantum excitations we shall call dark energy quanta for briefness. Assuming that
dark energy quanta decay independently, as well as neutrons n, one can write a set
of equations for decay chain (28) as follows
ds(t)
dt
= −Γφ(t) s(t), dsn(t)
dt
= −Γn(t) sn(t) + Γφ(t) s(t),
dsp(t)
dt
= −Γp(t) sp(t) + Γn(t) sn(t), (29)
where s(t) is the number of dark energy quanta as a function of time t, sn(t) and
sp(t) are the numbers of neutrons and protons at some instant of time t, Γφ(t) and
Γn(t) are the decay rates of dark energy quantum and neutron respectively, while
the decay rate of proton will be supposed to be zero below, Γp(t) = 0. The initial
conditions have the form
s(t′) = s, sn(t
′) = 0, sp(t
′) = 0, (30)
where s is the number of dark energy quanta at some arbitrary chosen initial instant
of time t′. The first equation of the set (29) describes the exponential law of decrease
of the number of dark energy quanta with time,
s(t) = s e−Γφ∆t, (31)
where
Γφ =
1
∆t
∫ t
t′
dtΓφ(t) (32)
is the mean decay rate on the interval ∆t = t− t′. Substituting (31) into the second
equation of the set (29) and taking into account (30) we obtain the law of production
of neutrons
sn(t) = s
∫ t
t′
dτ Γφ(τ) exp
{
−
∫ τ
t′
dt′′ Γφ(t
′′)−
∫ t
τ
dt′′ Γn(t
′′)
}
. (33)
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The number of protons will be
sp(t) = s
∫ t
t′
dτ Γn(τ)
∫ τ
t′
dτ ′ Γφ(τ
′) exp
{
−
∫ τ ′
t′
dt′′ Γφ(t
′′)−
∫ τ
τ ′
dt′′ Γn(t
′′)
}
. (34)
The decay rates Γn(t) and Γφ(t) in Eqs. (33) and (34) are unknown. Let us
assume that in the decay (28) free particles are produced and the energy is released.
Then we can write energy balance equation for the decay of dark energy quantum
with the energy m
m = mφ′ +mn +mν +Q, (35)
wheremφ′ ,mn, andmν are the masses of dark matter particle, neutron and neutrino,
respectively, and
Q =
∑
i
(√
m2i + p
2
i −mi
)
, i = {φ′, n, ν}, (36)
is the energy released in the decay, pi is the momentum of the particle i. The sum-
mand mν in Eq. (35) we shall include in mφ′ considering neutrinos as a constituent
part of dark matter.
At high temperatures T ∼ Q (small ages t) the rate Γn is proportional to fifth
power of temperature, Γn ∼ T 5. When the temperature decreases (during the
expansion of the universe) the rate Γn decreases as well and at low temperatures
(t ≫ 1 s) it tends to the mean decay rate of free neutron, Γn = 1.12 × 10−3 s−1.
Therefore for estimation it is enough to take as Γn(t) its smallest value Γn. Moreover
we shall assume that the mean decay rate of dark energy quantum (32) depends very
weakly on averaging interval. Then in indicated approximation from Eqs. (33) and
(34) we obtain the simple expressions
sn(t)
s
=
Γφ
Γn − Γφ
(
e−Γφ∆t − e−Γn∆t
)
, (37)
sp(t)
s
= 1 +
1
Γn − Γφ
(
Γφe
−Γn∆t − Γne−Γφ∆t
)
. (38)
It is easy to make sure that the law of conservation of number of particles, s =
s(t) + sn(t) + sp(t), holds at every instant of time t. Since we are interested in
matter/energy density in the present-day universe, then for numerical estimations
we choose ∆t equal to the age of the universe, ∆t = 14 Gyr [11, 20]. In this case
Γn∆t = 5×1014 ≫ 1. We suppose that the decay of dark energy quantum is caused
mainly by the action of gravitational forces, so that Γφ ≪ Γn. Then Eq. (38) is
simplified
sp(t) = s = s
(
1− e−Γφ∆t
)
, (39)
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where s is an average number of dark energy quanta which decay during the time
interval ∆t. Since dark matter particles φ′ are assumed to be stable (with lifetime
greater than ∆t) their number is equal to s as well. The mean decay rate Γφ is
unknown and must be calculated on the basis of vertex modelling of complex decay
(28) or extracted from astrophysical data.
According to Eq. (26) in the matter dominated universe the total energy density
Ωtot for sufficiently large number s of dark energy quanta equals
Ωtot = γ
ms
〈a〉3H2 . (40)
The densities of (both optically bright and dark) baryons and dark matter are equal
to
ΩB = γ
mp s
〈a〉3H2 , ΩDM = γ
mφ′ s
〈a〉3H2 , (41)
where mp = 0.938 GeV is a proton mass. Since the density of visible baryons is
equal to a ratio of total mass to volume, then in accepted units
Ωstars =
mp s
〈a〉3H2 . (42)
Then from Eqs. (41) and (42) it follows that the coefficient γ determines a ratio
between the densities
ΩB
Ωstars
≃ 16.08. (43)
On the order of magnitude this value agrees with the observational data (see Sec. 1).
Taking into account Eqs. (27), (40), (41) and (42) we obtain the following ex-
pressions for the energy density components
ΩB
Ωtot
=
mp
m
s
s
,
ΩDM
Ωtot
=
(
1− Q+mn
m
)
s
s
, (44)
and
ΩM
Ωtot
=
(
1− Q+∆m
m
)
s
s
,
ΩX
Ωtot
= 1− ΩM
Ωtot
, (45)
where ∆m = mn−mp = 1.293 MeV. All components are expressed in terms of three
unknown parameters: Γφ, m and Q.
Let us introduce the dimensionless gravitational coupling constant g = Gm2
for a particle with mass m. Then using Eq. (39) the baryonic component can be
rewritten as
ΩB
Ωtot
=
√
gp
g
(
1− e−Γφ∆t
)
, (46)
where gp = 0.590 × 10−38 is the gravitational coupling constant for a proton. In
order to find the possible form of Γφ as a function of g let us use an analogy and
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take as an example the rate of decay of some particle B into a pair of leptons (see
e.g. Ref. [21])
Γ(B → e+e−) = 16π
3
α2
|ψ(0)|2
µ2
, (47)
where α is the dimensionless fine-structure constant, µ is the mass of a particle B,
ψ(0) is its wavefunction at the origin. The factor |ψ(0)|2 is a particle number density
and the value L ∼ |ψ(0)|−2/3 gives a linear dimension of an area from which the
pair e+e− is emitted. On the order of magnitude L characterizes a size of a particle
B. Making substitutions α→ g, µ→ m we obtain the expression for Γφ
Γφ = 8π
2g |ψ(0)|2, (48)
where ψ(0) is the wavefunction of the dark energy quantum at the origin.
According to Eqs. (46) and (48) for fixed ∆t the density ΩB is the function of
g. It vanishes at g = 0 and tends to zero as g−1/2 at g →∞. It has one maximum.
Let us fix the coupling constant g by maximum value of ΩB(g). Then we obtain
Γφ∆t = 1.256. (49)
For ∆t = 14 Gyr it gives
Γφ = 2.840 × 10−18 s−1. (50)
This rate satisfies inequality Γφ ≪ Γn, and
Γφ > H0, (51)
where H0 = 71 km s
−1Mpc−1 is the present-day value of the Hubble expansion rate
[20, 22]. The latter condition means that on average at least one interaction has
occurred over the lifetime of the universe.
Substituting Eq. (49) into (39) we find
s
s
= 0.715, (52)
i.e. about 70% of all elementary excitations of the vibrations of the primordial scalar
field had to decay during the elapsed time ∆t = 14 Gyr.
If one knows Γφ and ψ(0), then using Eq. (48) it is possible, in principle, to
restore the coupling constant g. But the wavefunction of dark energy quantum, as
well as an equation it must satisfy, is unknown. Therefore let us consider an inverse
problem. Namely, using the observed value of ΩB we shall restore g and then obtain
all masses and density components. For definiteness we choose ΩB/Ωtot = 0.04.
Then from Eq. (43) we find the density of visible baryons
Ωstars
Ωtot
= 0.0025. (53)
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For a flat universe this value is in good agreement with observations (see Sec. 1).
Then using Eqs. (44) and (52) we find
g ≃ 320 gp, m ≃ 16.8GeV. (54)
The restriction on the energy Q follows from the condition mφ′ ≥ 0
0 GeV ≤ Q ≤ 15.8 GeV (55)
with central value Q = 7.9 GeV. It, in turn, leads to following restrictions on the
mass of dark matter particle and on the density components
0 GeV < mφ′ < 15.8 GeV (56)
with central value mφ′ = 7.9 GeV,
0 <
ΩDM
Ωtot
< 0.67 (57)
with central value ΩDM/Ωtot ≃ 0.34,
0.04 <
ΩM
Ωtot
< 0.71 (58)
with central value ΩM/Ωtot ≃ 0.38,
0.96 >
ΩX
Ωtot
> 0.29 (59)
with central value ΩX/Ωtot ≃ 0.62. Here the left-hand sides of the inequalities
correspond to Q = 15.8 GeV, while the right-hand sides to Q = 0 GeV. From
inequality (59), in particular, it follows that if practically all energy of the elementary
quantum excitation of the vibrations of the scalar field transforms into the energy
Q, then ΩX ∼ Ωtot.
The central values of the density components ΩDM and ΩM mentioned above
are undoubtedly overestimated, since they take into account the upper limits for
these components corresponding to unlikely value Q = 0 GeV. In naive model (28)
under consideration it make sense to speak only about the order of magnitude of the
mean energy Q, which according to Eq. (55) is equal to Q ≃ 10 GeV. The following
parameters correspond to such an energy
ΩDM
Ωtot
≃ 0.25, ΩM
Ωtot
≃ 0.29, ΩX
Ωtot
≃ 0.71, (60)
and mφ′ ≃ 5.8 GeV. In Figs. 1 and 2 the theoretical values of densities ΩM/Ωtot (58)
and ΩX/Ωtot (59) in comparison with observational data summarized in Ref. [16]
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Figure 1: The plane ΩΛ ≡ ΩX/Ωtot vs. Ωm ≡ ΩM/Ωtot. Constraints on the density
components determined using WMAP + other CMB experiments (from Ref. [16]).
The acceptable values of ΩΛ and Ωm (in accordance with inequalities (58) and (59))
lie on the diagonal of rectangle. The central value of the region is shown as a solid
box C. The point D corresponds to the case Q ≃ 10 GeV.
are shown. There is a good agreement between combined observational data (Fig. 2)
and the theoretical prediction (point D corresponding to the case Q ≃ 10 GeV).
Substituting the decay rate (50) (multiplied on the Planck time tP ) and the
coupling constant g from Eq. (54) into Eq. (48) we obtain the following value for
the dark energy quantum number density
|ψ(0)|2 ≃ (10−24 cm)−3 . (61)
This estimation demonstrates that the decay of the elementary quantum excitation
of the vibrations of the scalar field according to a scheme (28) occurs in an area
with linear dimension L ∼ 10−24 cm corresponding to the energy ∼ 2× 1010 GeV.
6 Conclusion
According to the model under consideration the universe in the states with large
quantum numbers can be described by the superposition of quantum states of two
oscillators. One oscillator describes gravitational component as a system of massive
elementary quantum excitations related to the vibrations of geometry. Another
oscillator describes elementary quantum excitations of the vibrations of primordial
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Figure 2: Constraints on the density of matter Ωm and dark energy ΩΛ determined
using WMAPext + HST key project data + supernova data (from Ref. [16]). The
rest as in Fig. 1.
matter represented by the uniform scalar field. The latter excitations are spatially
homogeneous and they form nonluminous (dark) energy. Mainly under the action of
gravitational forces elementary quantum excitations of the vibrations of the scalar
field (dark energy quanta) decay and produce non-baryonic dark matter, optically
bright and dark baryons, and leptons. Approximately 2/3 of the total energy of all
dark energy quanta has to transform into masses and energies of observed particles
and dark matter up to now. The energy Q released in decay of one dark energy
quantum is a free parameter of the model. The possible values of Q determine the
limits of variations of the densities of dark matter ΩDM and dark energy ΩX . These
densities turn out to be the values of the same order of magnitude. The numerical
estimations for flat universe lead to realistic (observed) values of both the matter
density ΩM ≃ 0.29 (with the contributions from dark matter, ΩDM ≃ 0.25, and
optically bright baryons, Ωstars ≃ 0.0025) and the dark energy density ΩX ≃ 0.71
if one takes that the mean energy ∼ 10 GeV is released in separate event of decay
of one dark energy quantum and fixes baryonic component ΩB = 0.04 according to
observational data. The energy (mass) of dark energy quantum is equal to ∼ 17
GeV, while the energy & 2× 1010 GeV is needed in order to detect it. Dark matter
particle has the mass ∼ 6 GeV and such a dark matter has to be classified as cold.
Let us discuss some consequences of the model under consideration.
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6.1 The parameters of the early universe
In the radiation dominated universe the mean energy density equals 〈ρˆtot〉 = ρrad,
where
ρrad =
2π4
15
N(T )T 4 (62)
is the energy density of radiation, N(T ) counts the total number of effectively mass-
less degrees of freedom [13, 23, 24]. Using the definition Ωtot = 〈ρˆtot〉/H2 we find
the relation between the Hubble constant H and the temperature T
H = 2π2
(
N(T )
30Ωtot
)1/2
T 2. (63)
The quantum model predicts the following relation between the age of the universe
t and the Hubble constant H: Ht = 1 [19]. This equation explains the observed
value of the dimensionless age parameter H0t0 for the present-day universe, 0.72 .
H0t0 . 1.17 [11], H0t0 = 0.96 ± 0.04 [7] and H0t0 ≃ 0.93 [20]. Let us note that
standard classical cosmology [24, 25] leads to the relation Ht → 1
2
as t → 0 which
gives on the order of magnitude the correct value of the age of the early universe.
The temperature-time relationship at early times can be written as
T =
(
Ωtot
13N(T )
)1/4 1√
t
. (64)
We shall estimate the temperature of dark matter particles, baryons, and leptons
which were produced in the process (28). Let us assume that the mean energy per
particle in hot plasma is about 3T [23]. Then for the decay energy Q ≃ 10 GeV the
temperature of matter consisting of particles of decay (28) will be equal to T ≃ 0.67
GeV (∼ 0.8 × 1013 K). The effective number of relativistic degrees of freedom for
this temperature is equal to N(T ) ≃ 70 according to the Standard Model of particle
physics [26, 27]. Then using Eq. (64) we obtain that the age of the universe in
thermal equilibrium with the temperature T ≃ 0.67 GeV is equal to t ≃ 10−6 s.
The curvature radius may reach the values 〈a〉 ∼ 1038 (∼ 105 cm) for the expansion
law 〈a〉 ∼ t [19] or 〈a〉 ∼ 1019 (∼ 10−14 cm) for 〈a〉 ∼ √t [25].
It easy to see that the quantum numbers n ∼ 〈a〉2 and s > m−2 satisfy the
validity condition of the model, n≫ 1 and s≫ 1 for m ∼ 20GeV (∼ 10−18).
6.2 The Jeans mass
We shall consider the influence of dark matter which consists of particles with masses
mφ′ ≃ 6 GeV on the formation of large-scale structure of the universe. According
to standard theory of large-scale structure formation (see e.g. Refs. [23, 25, 28])
the gravitational instability boundary is determined by the Jeans mass MJ . It is
the mass of matter for which pressure and gravitational attraction compensate each
other.
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Let us calculate the Jeans mass for dark matter which we shall consider as a gas
of particles with masses mφ′ . We shall assume that in the early radiation dominated
universe a temperature of dark matter was distributed almost uniformly and was
equal to radiation temperature T . Since the number density of dark matter particles
ns¯ is equal to the number density of baryons nB according to Eq. (39), ns¯ = nB,
then the dark matter energy density can be written as
ρφ′ = 8 ζ(3) η mφ′ T
3, (65)
where ζ(3) = 1.2021, the mass mφ′ and temperature T are measured in units of
mP , while ρφ′ in units of ρP . Here η = nB/nγ , where nγ is the number density of
photons.
The dimensionless Jeans wavelength in the case under consideration is
λJ =
π√
3 ζ(3) η
1
mφ′ T
. (66)
Substituting Eqs. (65) and (66) into the definition of the Jeans mass
MJ =
1
3π
λ3J ρφ′ , (67)
where MJ is measured in units of mP we obtain
MJ =
4.62√
ηm2φ′
. (68)
Passing to the ordinary physical units we have
MJ =
0.77 × 107√
η10
M⊙
m2φ′(GeV )
, (69)
where we introduce the standard notation η10 ≡ 1010η, M⊙ = 1.12 × 1057 GeV is
a solar mass, and mφ′ is measured in units of GeV. The light-element abundances
show that the parameter η10 lies in the range between 1 and 10 [1, 5]. Therefore
from Eq. (69) for mφ′ ≃ 6 GeV we find
MJ ∼ 105M⊙. (70)
This estimation demonstrates that if dark matter with above mentioned properties
exists in the universe, then the growth of non-homogeneities starts from the mass
which is 10 times smaller then the mass of globular cluster and 106 times smaller
then the mass of typical galaxy. The mass MJ (69) does not depend on the value
of the temperature T in the model under consideration with uniform distribution
of T . The mass MJ is determined by a ratio of the number density of baryons to
photons η and by the mass of dark matter particles mφ′ . The estimation (70) holds
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before hydrogen recombination. After recombination the evolution of structures
with masses greater than MJ (70) can be considered disregarding pressure [23].
The Jeans mass MJ (70) demonstrates that structures like globular clusters
must form first aggregating to form larger structures (galaxies and so on) later. It
is known that the cosmology with cold dark matter particles (with mass > 1 MeV)
reproduces the observed large-scale structure of the universe much better than the
cosmology with hot dark matter [1, 10].
Let us note that the Jeans mass MJ (70) is close to the value MJ ≃ 5× 104M⊙
which was expected for the instant of recombination with the temperature Tdec =
3800 K, the redshift zdec = 1400 and the mean energy density in the present-day
universe equal to ρ0 = 10
−29 g/cm3 [23]. In the case of isothermal perturbations in
distribution of matter and radiation, when the radiation is distributed uniformly,
while matter is more or less nonuniform, the Jeans mass for matter was estimated by
the valueMJ ≃ 3×105 – 106M⊙ [28]. This value does not contradict the estimation
(70) as well.
Among the known (ordinary and hypothetical) particles and fields we did not find
any candidate for dark matter particle with the mass ∼ 6 GeV. Since this particle
as it is expected should not participate in any interactions except gravitational, its
registration is highly difficult.
In conclusion we note that the decay scheme (28) does not contradict the quark
model of hadrons as for instance the neutron-proton model of atomic nucleus does
not contradict the fact that the products of decay of radioactive nuclei, as a rule,
are the nuclei of other chemical elements instead of separate nucleons.
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